INTroduCTIoN
Bacterial infections pose a serious threat despite the advances of modern medicine and pharmacology. Effective vaccinations, leading to long-term, specific immunity, may overcome that aggravating problem. Prophylactic immunizations require coadministrations of adjuvants, which substantially reduce the doses of the usually hazardous bacterial vaccines, providing at the same time adequate specific protection. Effective adjuvants are mostly of bacterial origin and their use is restricted to highly purified fractions of the bacterial cell wall (Gupta et al., 1993; Cox & Coulter, 1997) . Among that category of adjuvants, monophosphoryl lipid A (MPL) isolated from Salmonella minnesota R595, and related compounds, are most promising (Persing et al., 2002) . In fact, MPL has been already accepted for use in humans (McCluskie & Weeratna, 2001) .
We recently described adjuvant property of lactoferrin (LF) in several models in mice (Zimecki & Kruzel, 2000) . LF is a multifunctional, milk-derived protein, exhibiting potent anti-inflammatory and anti-bacterial properties (reviewed in Legrand et al., 2005) . The protein can bind to various cell types via different kinds of cell membrane receptors (reviewed in Suzuki et al., 2005) . In addition, LF has an ability to bind lipopolysaccharide (LPS) and lipid A (Appelmelk et al., 1994) , the phenomenon explaining, in part, its anti-inflammatory property (Legrand et al., 2005) . In a very recent investigation we found that LF may also bind monophosphoryl lipid A isolated from Hafnia alvei PCM 1200 (MPL H.a. ). The structure of H. alvei 1200 LPS was investigated by NMR spectroscopy, MALDI-TOF spectrometry, and chemical analysis. It was found that the structure of this lipid A is typical for enterobacteria and almost identical with that of Escherichia coli lipid A. The basic form of lipid A isolated from H. alvei is identical to that of lipid A of Salmonella minnesota (Lukasiewicz & Lugowski, unpublished (Chodaczek et al., 2006) . What was even more important, the LF-MPL H.a. complex was less inflammatory in a foot pad edema test in mice (Chodaczek et al., 2006) and induced lower levels of tumor necrosis factor alpha in cell cultures than corresponding doses of MPL H.a. (unpublished) .
The aim of this investigation was to evaluate the efficacy of the LF-MPL H.a. complex to enhance the immunity of BALB/c mice against Gram-negative bacterial infection. Plesiomonas shigelloides infection in mice was used as a model since this Gram-negative enterobacterial rod is responsible for cases of waterand food-borne outbreaks of intestinal infections in human. It is one of the most frequent causes of travellers' diarrhoea in Japan and China (third position in rankings). Incidences of extra-intestinal infections, such as cellulitis, cholecystitis, peritonitis, proctitis, pyosalpinx, septic arthritis, endopthalmitis, meningitidis in neonates, bacteremia, sepsis, and septic shock have been noted for this bacterium. Sepsis and meningitides caused by P. shigelloides are associated with a serious course and high fatality rate (Stock, 2004) . LPS as a constituent of its cell envelope is a main virulence factor of P. shigelloides.
Mice were immunized with neoglycoconjugate (nontoxic fragment of P. shigelloides LPS with tetanus toxoid) or a suspension of killed bacterial cells. The LPF-MPL H.a. complex was used as an adjuvant. Specific antibody levels and ability of mice to eliminate bacteria from organs were determined after infection with P. shigelloides.
MaTerIaLS aNd MeThodS
animals. BALB/c mice of both sexes, 8-12 weeks old, were used in the study. The mice were given standard pelleted food and filtered tap water ad libitum. Local, animal ethics committee approved the investigation.
Bacteria. Hafnia alvei PCM 1200 was obtained from the Polish Collection of Microorganisms (PCM), Institute of Immunology and Experimental Therapy (Wrocław, Poland). Plesiomonas shigelloides CNCTC (Czech National Collection of Type Culture) 138/92 (O68) were obtained from the collection of the National Institute of Public Health (Prague, Czech Republic). The bacteria were grown at 37°C on agar plates and harvested after 24 h by centrifugation and washed three times with saline. Dry mass of killed bacteria was obtained by treatment with 0.5% phenol solution followed by centrifuging in a CEPA flow laboratory centrifuge, washing with 3 l of water and freeze-drying (Lukasiewicz et al., 2002) .
reagents. Low endotoxin bovine milk lactoferrin (4.4 EU/mg, < 25% iron saturated) was obtained from Morinaga Milk Industry Co. (Japan). MPL H.a. from Hafnia alvei PCM1200 was isolated as described previously (Chodaczek et al., 2006) . Lipopolysaccharides of P. shigelloides CNCTC 138/92 and H. alvei PCM 1200 were extracted from bacterial cells by the hot phenol/water method (Westphal & Jann, 1965) . A conjugate (PS138-TT) of polysaccharide (PS) isolated from P. shigelloides CNCTC 138/92 LPS with tetanus toxoid (TT) was prepared by the method of Jennings and Lugowski (Jennings & Lugowski, 1981) . The tetanus toxoid preparation was obtained from Biomed (Kraków, Poland).
Immunization of mice and administration of adjuvants. Mice were treated intraperitoneally (i.p.) with: LF (50 μg), MPL H.a. (2.5 μg) or LF-MPL H.a. (50/2.5 μg) and immunized i.p. after 1 h with 0.2 ml of a suspension of P. shigelloides cells (0.5 μg/ml PBS). That was followed by a second and third immunization at weekly intervals. One week after the third immunization mice were bled for the determination of specific antibodies in serum.
In experiments with the PS138-TT conjugate mice were immunized subcutaneously with the antigen (5 μg) admixed with analyzed adjuvants (LF 200 μg, MPL H.a. 25 μg, LF-MPL H.a. 200/25 μg). The procedure was repeated after three weeks and blood samples for antibody level measurements were collected after following three weeks. determination of cfu in organs. One week after the last dose of antigen, mice were given intravenously 1.5 × 10 8 bacteria and 24 h later spleens and livers were isolated. Appropriate dilutions of cell suspensions were applied onto agar plates and after an overnight incubation at 37°C colony-forming units (cfu) were counted. Experimental groups consisted of at least seven mice. The results were calculated as mean cfu numbers per mg of an organ ± standard error (± S.E.).
Determination of the levels of specific antibodies against P. shigelloides. Mice were bled under general anesthesia one week after the last immunization. Sera were isolated and kept frozen at -20°C until determination of antibodies. Determination of immunoglobulin concentrations was performed according to a modified method described by (Lukasiewicz et al., 2003) . Briefly, 96-well plates (Nunc) were coated using a 10 μg/ml solution of P. shigelloides LPS in 0.05 M sodium carbonate/bicar-Adjuvant activity of lactoferrin-monophosphoryl lipid A complex bonate buffer (pH 9.6) at room temperature for 2 h and further 16 h at 4°C. The plates were washed three times with 50 mM Tris buffer containing 150 mM NaCl, pH 7.5 (TBS) and blocked with 2% casein (BDH Biochemical) in TBS at room temp. for 2 h. Next, the plates were washed once and the wells were filled with sera diluted in TBS containing 0.2% casein. Following 2 h of incubation and three washes, horseradish peroxidase-conjugated antibodies specific for mouse IgG (Fc-specific) (Sigma), IgG 2a , IgG 1 or IgA (Santa Cruz Biotechnology) were added and incubated for next 2 h. Color was developed with o-phenylenediamine (Sigma) in 0.1 M citrate buffer (pH 5.0) containing 0.01% H 2 O 2 . Absorbance was measured at 490 nm and reference wavelength of 550 nm using a colorimetric reader (Dynatech 5000). Results are presented as mean absorbance values from seven mice per group.
Statistics. Experimental groups consisted of at least seven mice and the experiments were repeated twice. The results were analyzed using STATISTICA 6.1. software. The Levene's test was used to determine the homogeneity of variance between groups. When the variance was homogeneous, analysis of variance (ANOVA) was applied, followed by post hoc comparisons with the Tukey's test to estimate the significance of the difference between groups. Nonparametric data were evaluated by the KruskalWallis analysis of variance on ranks. Significance was determined at P ≤ 0.05.
reSuLTS

Effects of the LF-MPL H.a. complex on the generation of specific antibodies to P. shigelloides
Preliminary experiments (not shown) established a suboptimal dose of antigen (0.1 μg/mouse of a suspension of killed P. shigelloides CNCTC 138 bacterial cells). Mice were immunized with the antigen and treated with the adjuvants as described above. The results showed that application of the adjuvants elevated the serum content of antigenspecific IgG and IgG 2a (Figs. 1 and 2) . Although LF alone tended to decrease the antibody concentration, when complexed with MPL H.a. it elevated the antibody concentration by over two-fold as compared with the group of mice immunized with the antigen only. The only statistically significant increase of the antibody level was found in the group of mice treated with the complex versus the respective control (no adjuvant). Both MPL H.a. and the complex also elevated the content of IgG 1 (Fig.  3) and IgA (Fig. 4) antibodies. These effects were, however, not statistically significant in the case of IgA despite a quite marked (two-fold) increase of the antibody levels.
Effects of the LF-MPL H.a. complex on the clearance of P. shigelloides from the organs of infected mice
Mice were immunized with a bacterial vaccine containing adjuvants as described in the Materials and Methods. One week after the last immunization the mice were injected with 4 × 10 8 of bacteria and the cfu numbers were determined in spleens and livers. All immunized mice killed the bacteria much more efficiently than naïve mice (30-40 × reduction in cfu numbers). The destruction of bacteria underwent differently in the spleens (Fig. 5 ) than in the livers (Fig. 6) , where the process of bacteria elimination was overall much more effective. In both organs the cfu numbers attained the lowest values in mice treated with LF-MPL H.a. . In spleens, statisti- 
dISCuSSIoN
In this investigation we confirmed and extended to new experimental models our recent findings that the LF-MPL H.a. complex is a potent adjuvant in generation of both cellular and humoral immune response in mice. The immunostimulatory effect of the LF-MPL H.a. complex exceeded that of MPL H.a. alone; on the other hand, an equivalent dose of LF as in the complex did not enhance the specific immunoglobulin production. That phenomenon is in accord with our previous data showing that LF tended rather to stimulate cellular responses (OVA, ovalbumin; BCG) and our unpublished data indicating that it may also diminish antibody production to ovalbumin. On the other hand, LF was able to up-regulate the humoral immune response to suboptimal doses of sheep red blood cells (Zimecki & Kruzel, 2000) and to increase, upon oral administration, both local and systemic antibody response (Debbabi et al., 1998) . In addition, LF inhibited the activity of Th1 but not Th2 antigen-specific T-cell lines (Zimecki et al., 1996) . Application of LF in the complex revealed a dual nature of this protein regarding a preferential support of a given type of the immune response. In this report we showed that combination of the two adjuvants (LF and MPL H.a. ) led to an enhancement of both types of the immune response. That was in accord with our previous findings (Chodaczek et al., 2006) revealing stimulation of both the humoral immune response to sheep erythrocytes and the cellular immune response (delayed type hypersensitivity) to ovalbumin. The complex increased production of IgG 2a antibodies, characteristic for IFN γ-mediated cellular response, and also IgG 1 antibodies, predominant in the humoral immune response (Stevens et The results are presented as mean cfu numbers per mg of spleen ± S.E. ***P < 0.001; *P < 0.05. The results are presented as mean cfu numbers per mg of liver ± S.E. *P < 0.05. -monophosphoryl lipid A complex al., 1988) . Nevertheless, both the total IgG and IgA antibody contents were higher upon application of the complex as compared to MPL H.a. alone. The stimulation of OVA-specific antibodies of the IgG 2a and IgG 1 subclasses by the complex was also reported in our previous study (Chodaczek et al., 2006) . Thus, the LF-MPL H.a. complex appears to be universal in augmenting both types of immune response. Adjuvant (the LF-MPL H.a. complex) did not elevate antibody production to P. shigelloides (not shown) when purified O-specific polysaccharide isolated from P. shigelloides CNCTC 138/92 LPS was used in complex with tetanus toxoid (PS138-TT). The simplest explanation of that phenomenon is that tetanus toxoid, as a protein carrier, generates optimal stimulation of the immune response for PS138 which cannot be further enhanced by other adjuvants. That, of course, indicates limitations for use of the LF-MPL H.a. adjuvant in such cases.
Adjuvant activity of lactoferrin
Apart of the stimulation of specific antibody levels, the LF-MPL H.a complex enhanced the ability of infected mice to eliminate bacteria from organs belonging to the reticulo-endothelial system (RES). The adjuvant effect of the complex was better pronounced in the liver, probably because most of the bacterial killing takes place as a consequence of cooperation between neutrophils nad Kuppfer cells (Gregory et al., 2002) . Opsonization of bacteria by specific antibodies could facilitate that process. Interestingly, LF alone has also been shown effective in increasing clearance of bacteria in organs of infected mice (Zagulski et al., 1989) . It is possible that the LF constituent of the complex could contribute to that process by increasing the killing of bacteria by RES cells (Zagulski et al., 1989) and by recruitment of neutrophils (Zimecki et al., 2004) . We also found (not shown) that intraperitoneal administration of the complex (2/0.1 mg) elevated very significantly (from 16.8 to 34.4%) the percentage of circulating blood neutrophils and neutrophil precursors (from 0.2% to 5.4%) 24 h post injection, substantially enlarging the pool of major phagocytes. It seems, therefore, that the application of the complex in the immunization protocol may stimulate both the specific and innate immune response.
As previously proposed (Chodaczek et al., 2006) , the efficacy of the LF-MPL H.a complex could result from concomitant triggering of antigen-presenting cells by different kinds of cellular receptors. MPL typically interacts with cells via TLR (Tolllike receptors) (Martin et al., 2003) , and bovine LF through receptors with affinity for mannose . Interaction of LF with cells via other types of receptors (Suzuki et al., 2005) is also possible. In addition, induction of cytokines by LF, such as TNF-α, IL-12 and IL-15, relevant in the initiation of the immune response may also be of importance (Actor et al., 2002) .
An obvious beneficial feature of the LF-MPL H.a adjuvant is its low pyrogenicity, i.e. lower induction of pro-inflammatory cytokines in cell cultures (not shown) as compared to equivalent doses of MPL H. a. . Subcutaneous injection of the complex in mice resulted also in a smaller inflammatory reaction when compared with a corresponding dose of MPL H.a.
(not shown). This is a desired property of newly designed adjuvants, and together with the superiority of the LF-MPL H.a. complex over MPL H.a. in augmenting specific immune response, makes it attractive for further research.
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